Introduction {#sec1}
============

Breast cancer is the most common malignancy and the second cause of cancer-associated mortality in women worldwide.[@bib1] Although earlier diagnosis and effective treatment have improved the outcome of patients with breast cancer, distant metastasis remains the main cause of death. Therefore, understanding the mechanisms of breast cancer metastasis will be beneficial to develop effective anti-cancer drugs and improve breast cancer prognosis.

Metastasis is a multi-step process by which cancer cells spread from the primary tumor to colonize distant sites. Epithelial-to-mesenchymal transition (EMT), originally characterized in an embryo developmental program, was adopted by cancer cells during the metastatic cascade to gain migratory ability and reach distant organs, losing epithelial cell adhesion and cell-cell contacts, while undergoing cell shape remodeling and cytoskeleton rearrangement.[@bib2] EMT has been enthusiastically proposed as an essential step for metastasis. Most breast cancers are carcinomas of epithelial origin, in which the progression to malignancy appears to exploit a pathological EMT process.[@bib3]

MicroRNAs (miRNAs), a group of endogenous non-coding and single-stranded small RNAs having a length of 21--23 nt, mainly bind to the 3ʹ untranslated region (UTR) of their target mRNAs, thereby inducing target mRNA translational repression or degradation.[@bib4] miR-543 is located in the imprinted DLK1-DIO3 region comprising a regulatory network that restrains the EMT program.[@bib5] To date, many studies have demonstrated that altered expression of miR-543 is associated with tumorigenesis and progression of various human cancers, including lung cancer,[@bib6]^,^[@bib7] gastric cancer,[@bib8], [@bib9], [@bib10] colorectal cancer,[@bib11], [@bib12], [@bib13] prostate cancer,[@bib14] hepatocellular carcinoma,[@bib15] clear cell renal cell carcinoma,[@bib16] osteosarcoma,[@bib17] and glioma.[@bib18] miR-543 has been reported to function as an oncogene and promotes cell proliferation, migration, and invasion and induces an EMT-like phenotype in several types of cancers, including gastric cancer, colorectal cancer, hepatocellular carcinoma, prostate cancer, lung cancer, and clear cell renal cell carcinoma.[@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16] Conversely, miR-543 exerts an opposing role in osteosarcoma, glioma, endometrial cancer, and breast cancer.[@bib17], [@bib18], [@bib19], [@bib20] miR-543 suppresses breast cancer proliferation and induces cell apoptosis by targeting Extracellular Signal-Regulated Kinase 2.[@bib20] However, knowledge about the role of miR-543 in breast cancer metastasis is still unknown.

The zinc-finger transcription factor ZNF281 has been described to act as a transcriptional repressor of Nanog and control cellular stemness.[@bib21]^,^[@bib22] ZNF281 antagonizes the differentiation of murine cortical neurons and neuroblastoma cells, and contributes to the DNA damage response.[@bib23], [@bib24], [@bib25] SOX4, a master regulator of EMT, is overexpressed in many types of human cancers and influences cancer progression.[@bib26] SOX4 has been demonstrated to bind to the ZNF281 promoter and regulate its expression in prostate cancer by using a chromatin immunoprecipitation sequencing (ChIP-seq) analysis.[@bib27] Moreover, ZNF281 induces EMT in colorectal cancer by regulating the expression of several EMT-related genes.[@bib28]^,^[@bib29] However, the role of ZNF281 in breast cancer progression remains largely unknown.

In the present study, we demonstrated that the expression of miR-543 is downregulated in breast cancer. miR-543 inhibits breast cancer metastasis and EMT-like phenotype by regulating transforming growth factor-β (TGF-β) signaling. ZNF281 is a target of miR-543 and regulated by a feedback loop involving ZEB1 and Snail. Together, our study reveals a novel mechanism of TGF-β signaling pathway in breast cancer metastasis.

Results {#sec2}
=======

miR-543 Inhibits Breast Cancer Metastasis {#sec2.1}
-----------------------------------------

Although a previous study indicated that miR-543 suppresses breast cancer proliferation and induces cell apoptosis by regulation of the ERK/mitogen-activated protein kinase (MAPK) pathway,[@bib19] the role of miR-543 in breast cancer metastasis is still unknown. We first examined the expression of miR-543 in clinical breast cancer samples from The Cancer Genome Atlas (TCGA) database and observed that miR-543 expression was significantly decreased in breast cancer tissues compared with normal breast tissues ([Figure 1](#fig1){ref-type="fig"}A). Furthermore, we compared the overall survival in breast cancer patients with different miR-543 expression levels and found that patients with low miR-543 expression had a significantly poor outcome compared with those with high miR-543 expression ([Figure 1](#fig1){ref-type="fig"}B). We next determined the expression of miR-543 in breast cancer cell lines (MCF7, T47D, BT474, BT549, MDA-MB-468, and MDA-MB-231) and the normal breast epithelial cell line MCF10A by quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR). The expression of miR-543 was downregulated in all breast cancer cell lines as compared with MCF10A cells ([Figure 1](#fig1){ref-type="fig"}C). To further investigate the effect of miR-543 on breast cancer metastasis, we generated stable miR-543-expressing cells by lentiviral infection of MDA-MB-231-luciferase (MDA-MB-231-luc) cells ([Figure 1](#fig1){ref-type="fig"}D). Overexpression of miR-543 leads to an approximately 60%--70% reduction of cell invasion compared with the control group by Transwell analysis ([Figure 1](#fig1){ref-type="fig"}E). Next, we injected MDA-MB-231-luc cells stably expressing miR-543 and control cells via the tail vein into severe combined immunodeficiency (SCID) mice to evaluate the role of miR-543 in breast cancer metastasis. As expected, we observed that overexpression of miR-543 significantly decreases lung metastasis compared with those in control by bioluminescent imaging analysis ([Figure 1](#fig1){ref-type="fig"}F). Together, our results suggest that miR-543 inhibits breast cancer metastasis.Figure 1miR-543 Inhibits Breast Cancer Metastasis(A) The miR-543 expression in breast invasive carcinoma and normal tissues from TCGA database. (B) Kaplan-Meier analysis of the overall survival in patients with different miR-543 expression levels from TCGA database. (C) The expression of miR-543 in breast cancer cell lines and the normal breast cell line by qRT-PCR. (D) The expression of miR-543 in miR-543-overexpressed MDA-MB-231-luc and control cells by qRT-PCR. (E) Transwell analysis of cell invasion in cells as in (D). (F) Bioluminescent imaging and quantification plot of mice harboring lung metastases after tail vein injection of cells as in (D). ∗∗∗p \< 0.001, ∗∗p \< 0.01.

Knockdown of miR-543 Induces an EMT-like Phenotype {#sec2.2}
--------------------------------------------------

EMT, one of the main mechanisms in breast cancer metastasis, allows epithelial cells to acquire an invasive mesenchymal phenotype. We transfected miR-543 inhibitors into MCF10A cells ([Figure 2](#fig2){ref-type="fig"}A) and observed that miR-543-depleted MCF10A cells exhibited a fibroblast-like and spindle-shaped morphology, whereas the control cells retained their cobblestone-like morphology ([Figure 2](#fig2){ref-type="fig"}B). Furthermore, depletion of miR-543 inhibits the cell invasion by Transwell assay ([Figure 2](#fig2){ref-type="fig"}C). We next determined the expression of epithelial and mesenchymal markers by immunofluorescence ([Figure 2](#fig2){ref-type="fig"}D), qRT-PCR ([Figure 2](#fig2){ref-type="fig"}E), and western blotting ([Figure 2](#fig2){ref-type="fig"}F). miR-543-depleted MCF10A cells exhibited significant downregulation of epithelial markers ZO-1 and E-cadherin, but dramatic upregulation of the mesenchymal markers N-cadherin and Vimentin. Together, these results suggest that knockdown of miR-543 induces an EMT-like phenotype in breast cancer.Figure 2Depletion of miR-543 Induces an EMT-like Phenotype(A) The expression of miR-543 in MCF10A transfected with miR-543 inhibitors and control cells determined by qRT-PCR. (B) Morphology of cells as in (A). (C) Transwell analysis of cell invasion in cells as in (A). (D) Immunofluorescence analyses of epithelial marker E-cadherin and mesenchymal marker Vimentin in the cells as in (A). (E and F) mRNA (E) and protein (F) expression levels of epithelial markers E-cadherin and ZO-1 and mesenchymal markers N-cadherin and Vimentin in the cells described in (A) were evaluated by qRT-PCR and western blotting, respectively. ∗∗∗p \< 0.001.

ZNF281 Is a Direct Target of miR-543 {#sec2.3}
------------------------------------

To elucidate the biological mechanisms underlying the role of miR-543 in breast cancer metastasis, we investigated the potential targets of miR-543 by using starBase v.3.0. We found several candidate genes by using multiple target-predicting programs ([Figure 3](#fig3){ref-type="fig"}A). EIF4A2 has been identified to be an oncogene and regulate chemosensitivity in breast cancer;[@bib30] however, the role of ZNF281 in breast cancer development and progression is still unknown. A target prediction program, TargetScan, was applied to identify ZNF281 as a putative miR-543 target ([Figure 3](#fig3){ref-type="fig"}B). To further confirm this regulation, we cloned ZNF281 and the miR-543 binding site mutated 3′ UTR into the psiCHEK2 luciferase reporter plasmid. Overexpression of miR-543 reduced the luciferase activity by about 40% compared with the control ([Figure 3](#fig3){ref-type="fig"}C, left), whereas mutation to the putative miR-543 binding site abolished the decreased luciferase activity induced by miR-543 overexpression ([Figure 3](#fig3){ref-type="fig"}C, right). Moreover, the expression of ZNF281 was decreased in miR-543-overexpressed MDA-MB-231 cells and was increased in miR-543-depleted MCF10A cells compared with that in control cells by qRT-PCR ([Figure 3](#fig3){ref-type="fig"}D) and western blotting ([Figure 3](#fig3){ref-type="fig"}E). Thus, these results indicate that ZNF281 is a direct target of miR-543.Figure 3ZNF281 Is a Target of miR-543(A) The potential target genes of miR-543 analyzed by starBase v.3.0. (B) The predicted binding of miR-543 with ZNF281 3ʹ UTR. (C) A dual-luciferase reporter assay was performed to validate the interaction between miR-543 and ZNF281. (D and E) The expression levels of ZNF281 in miR-543-overexpressed MDA-MB-231 (left) or miR-543-depleted MCF10A cells (right), as well as the control cells by qRT-PCR (D) and western blotting (E). ∗∗∗p \< 0.001.

miR-543 Inhibits Breast Cancer Metastasis by Regulation of ZNF281 {#sec2.4}
-----------------------------------------------------------------

We next investigated whether miR-543 regulates breast cancer metastasis and EMT phenotype by regulating ZNF281 expression. We transfected pcDNA3-ZNF281 expression plasmid into miR-543-overexpressed MDA-MB-231 cells ([Figure 4](#fig4){ref-type="fig"}A) and observed that the expression of ZNF281 was restored in ZNF281-transfected miR-543-overexpressed MDA-MB-231 ([Figure 4](#fig4){ref-type="fig"}C). Overexpression of ZNF281 could induce a fibroblast-like and spindle-shaped morphology in miR-543-overexpressed MDA-MB-231 cells, whereas miR-543-overexpressed MDA-MB-231 cells retained their cobblestone-like morphology ([Figure 4](#fig4){ref-type="fig"}B). Moreover, upregulation of ZNF281 in miR-543-overexpressed MDA-MB-231 resulted in increased invasion in Transwell assay ([Figure 4](#fig4){ref-type="fig"}D). Furthermore, ZNF281-restored miR-543-overexpressed MDA-MB-231 cells exhibited significant downregulation of ZO-1 and E-cadherin but dramatic upregulation of N-cadherin and Vimentin, as determined by western blotting ([Figure 4](#fig4){ref-type="fig"}C), immunofluorescence ([Figure 4](#fig4){ref-type="fig"}E), and qRT-PCR ([Figure 4](#fig4){ref-type="fig"}F). Collectively, these results indicate that miR-543 inhibits breast cancer metastasis and EMT-like phenotype by regulation of ZNF281 expression.Figure 4miR-543 Inhibits Breast Cancer Metastasis by Regulation of ZNF281(A) The expression of miR-543 in miR-543- or ZNF281/miR-543-overexpressed MDA-MB-231, as well as the control cells determined by qRT-PCR. (B) Morphology of cells as in (A). (C) The protein expression levels of epithelial markers E-cadherin and ZO-1, mesenchymal markers N-cadherin and Vimentin, and ZNF281 in the cells described in (A) were evaluated by western blotting. (D) Transwell analysis of cell invasion in cells as in (A). (E) Immunofluorescence analyses of epithelial marker E-cadherin and mesenchymal marker Vimentin in the cells as in (A). (F) The mRNA expression levels of epithelial markers E-cadherin and ZO-1 and mesenchymal markers N-cadherin and Vimentin in the cells described in (A) were evaluated by qRT-PCR. ∗∗∗p \< 0.001.

ZNF281 Transactivates the Snail and ZEB1 Expression {#sec2.5}
---------------------------------------------------

We next determined whether ZNF281 induced an EMT-like phenotype by regulation of EMT-related transcription factors. We transfected pcDNA3-ZNF281-hemagglutinin (HA) into MCF10A cells and observed that the expression of Snail and ZEB1 was increased more than 4-fold in ZNF281-transfected MCF10A cells compared with the control group ([Figure 5](#fig5){ref-type="fig"}A). ZNF281 is known to bind in GC-rich DNA sequences, and similar sequences are present in both Snail and ZEB1 promoter.[@bib31] Thus, we speculated that ZNF281 induces the Snail and ZEB1 expression by direct binding of the Snail and ZEB1 promoter ([Figure 5](#fig5){ref-type="fig"}B). The occupancy by ZNF281 was detected in the ZEB1 ([Figure 5](#fig5){ref-type="fig"}B) and Snail ([Figure 5](#fig5){ref-type="fig"}C) promoter region (−2,000 to +1) by a HA-specific ChIP analysis. ZNF281 was able to bind to both the ZEB1 promoter region (−2,000 to −500; [Figure 5](#fig5){ref-type="fig"}C) and the Snail promoter region (−1,500 to +1; [Figure 5](#fig5){ref-type="fig"}D). A series of deletion constructs of the ZEB1 and Snail promoter was used to further determine the regions involved in the regulation of ZNF281 by a dual-luciferase reporter assay. The activation of the ZEB1 promoter was most dominant for the −1,487 to +101 reporter ([Figure 5](#fig5){ref-type="fig"}E), which was in line with the dominant occupancy of ZNF281 to a region −1,500 to −1,000 bp (Z2) upstream of the transcription start site (TSS). In addition, consistent with the ChIP analysis, the activation of Snail promoter was most dependent on the −1,006 to +83 region (S3) ([Figure 5](#fig5){ref-type="fig"}F). Taken together, ZNF281 transactivates the Snail and ZEB1 expression.Figure 5ZNF281 Transactivates the Snail and ZEB1 Expression(A) The expression of EMT-related factors in ZNF281-overexpressed MCF10A and control cells. (B) Schematic depiction of the ZEB1 and SNAIL promoter. Black bars indicated primers for ChIP analysis. (C and D) ChIP analysis of interaction between ZNF281 and the ZEB1 (C) or Snail (D) promoter in ZNF281-transfected MCF10A and control cells using anti-HA or anti-IgG antibodies. Results represent the percentage of input chromatin. (E and F) Dual-luciferase analysis of ZEB1 (E) or Snail (F) promoter activity in ZNF281-transfected 293FT and control cells. ∗∗∗p \< 0.001, ∗p \< 0.01.

The Existence of a ZNF281-Snail/ZEB1-miR-543 Feedback Loop {#sec2.6}
----------------------------------------------------------

By analyzing the promoter region of miR-543, we found two E-boxes (CACCTG) on the miR-543 promoter region, which represent putative ZEB1 and Snail binding sites ([Figure 6](#fig6){ref-type="fig"}A). Next, we used ChIP assay to immunoprecipitate Snail or ZEB1 and used primers to amplify the E-box1 or E-box2 region of the miR-543 promoter region. As shown in [Figure 6](#fig6){ref-type="fig"}B, both Snail and ZEB1 could bind directly to the miR-543 promoter region ([Figure 6](#fig6){ref-type="fig"}B). To further determine whether miR-543 is mediated by ZEB1 or Snail via E-boxes, a region encompassing 1 kb upstream of the miR-543 TSS was subcloned into pGL3 luciferase reporter plasmid. As shown in [Figure 6](#fig6){ref-type="fig"}C, both Snail and ZEB1 could reduce the wild-type reporter luciferase activity, whereas mutation of E-box-1 or E-box-2 decreased the responsiveness to Snail or ZEB1. In addition, a reporter combined with mutation of E-box-1 and E-box-2 resulted in complete loss of responsiveness to both Snail and ZEB1 ([Figure 6](#fig6){ref-type="fig"}C). Furthermore, depletion of Snail or ZEB1 enhances the miR-543 expression, whereas ectopic Snail or ZEB1 reduced the miR-543 expression at both mRNA and protein levels in MDA-BM-231 or MCF7, respectively ([Figures 6](#fig6){ref-type="fig"}D and 6E). Moreover, we observed a decreased expression of Snail and ZEB1 and an increased miR-543 expression in ZNF281-depleted MDA-MB-231 cells ([Figure 6](#fig6){ref-type="fig"}F, left). Conversely, ectopic expression of ZNF281 enhanced the expression of Snail and ZEB1, and reduced the expression of miR-543 in MCF10A cells ([Figure 6](#fig6){ref-type="fig"}F, right). Together, these results identify the existence of a ZNF281-Snail/ZEB1-miR-543 feedback loop in breast cancer metastasis.Figure 6The Feedback Loop of ZNF281-Snail/ZEB1-miR-543(A) Scheme of the miR-543 promoter and ZEB1/Snail binding sites. Black bars indicated primers for ChIP analysis. (B) ChIP analysis of interaction between ZEB1/Snail and the miR-543 promoter in MDA-MB-231 cells using anti-ZEB1, anti-Snail, or anti-IgG antibodies. Results represent the percentage of input chromatin. (C) Dual-luciferase analysis of indicated miR-543 promoter activity in ZEB1 or Snail-transfected 293FT and control cells. (D) The expression of Snail and miR-543 in Snail-depleted MDA-MB-231 (left), Snail-overexpressed MCF10A (right), as well as the control cells determined by western blotting and qRT-PCR, respectively. (E) The expression of ZEB1 and miR-543 in ZEB1-depleted MDA-MB-231 (left), ZEB1-overexpressed MCF10A (right), as well as the control cells determined by western blotting and qRT-PCR, respectively. (F) The expression of ZNF281, Snail, ZEB1, and miR-543 in ZNF281-depleted MDA-MB-231 (left), ZNF281-overexpressed MCF10A (right), as well as the control cells determined by western blotting and qRT-PCR, respectively. ∗∗∗p \< 0.001. P-M1, E-box-1 mutated; P-M2, E-box-2 mutated; P-M1+2, both E-box-1 and -2 mutated; P-wt, wild-type.

Regulation of ZNF281-miR-543 Feedback Loop on TGF-β-Induced EMT {#sec2.7}
---------------------------------------------------------------

Both Snail and ZEB1 are master regulators in TGF-β-induced EMT during cancer metastasis.[@bib32] Thus, we investigated whether the ZNF281-miR-543 feedback loop regulates TGF-β-induced EMT in breast cancer metastasis. We observed that miR-543 expression was reduced in MCF10A cells after treatment with TGF-β1 for 2 days ([Figure 7](#fig7){ref-type="fig"}A). As shown in [Figure 7](#fig7){ref-type="fig"}B, the invasive ability of MCF10A cells was dramatically decreased in TGF-β1-treated MCF10A cells after transfection of miR-543 mimics. In contrast, restoration of ZNF281 abolished the miR-543-induced invasive reduction in TGF-β1-treated MCF10A cells ([Figure 7](#fig7){ref-type="fig"}B). To further explore the role of ZNF281-miR-543 feedback loop in TGF-β signaling, we detected the luciferase activity of SMAD reporter in miR-543-overexpressed MCF10A cells with or without ZNF281 overexpression after treatment with TGF-β1. The luciferase activity was significantly decreased in miR-543-transfected MCF10A cells compared with that in control cells after treatment with TGF-β1, but this effect was reversed after ZNF281 overexpression ([Figure 7](#fig7){ref-type="fig"}C). Moreover, the nuclear localization of SMAD2 and the expression of pSMAD2 were also increased in TGF-β1-treated and miR-543-overexpressed MCF10A cells after ZNF281 overexpression ([Figures 7](#fig7){ref-type="fig"}D and 7E). Together, these results indicate that the ZNF281-miR-543 feedback loop is involved in TGF-β-induced EMT.Figure 7ZNF281-miR-543 Feedback Loop Is Involved in TGF-β-Induced EMT(A) The expression of miR-543 in MCF10A cells after treatment with TGF-β1 at indicated concentration. (B) Transwell analysis of miR-543-overexpressed MCF10A or control cells with TGF-β1 and/or ZNF281 overexpression. (C) Luciferase reporter analysis of TGF-β signaling activity in cells as in (B). (D) Localization of SMAD2 in cells as in (B) as determined by immunofluorescence staining. (E) The expression of pSMAD2 in cells as in (B) by western blotting. (F) A model for the ZNF281-miR-543 feedback loop in TGF-β-induced breast cancer metastasis.

Discussion {#sec3}
==========

In the present study, we could show that miR-543 functions as a tumor suppressor and an EMT inhibitor in breast cancer metastasis. ZNF281 was identified to be a target of miR-543 and a transcriptional activator on regulation of EMT-related factors Snail and ZEB1 expression. Furthermore, miR-543 is transcriptionally suppressed by both Snail and ZEB1. Ectopic expression of ZNF281 reverses the TGF-β-induced EMT in breast cancer. Therefore, our results revealed that the ZNF281-miR-543 feedback loop is involved in breast cancer metastasis by regulating TGF-β-induced EMT.

Dysregulation of miRNAs has been reported to be involved in almost every cellular process during carcinogenesis and progression in various types of cancer, including breast cancer.[@bib33] The abnormal expression and function of miR-543 was observed in various types of human cancers. Furthermore, miR-543 may play an opposite role in different tumor environments. miR-543 promotes tumor growth and metastasis in lung cancer, gastric cancer, and colorectal cancer, whereas miR-543 functions as a tumor suppressor in glioma and osteosarcoma.[@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13]^,^[@bib17]^,^[@bib18] Although it has been indicated that miR-543 expression is decreased in breast cancer, and ectopic expression of miR-543 leads to cell-cycle arrest and suppresses breast cancer proliferation, the effect of miR-543 on breast cancer metastasis is still unknown.[@bib19] Our results indicated that miR-543 suppresses breast cancer metastasis both *in vitro* and *in vivo*. Metastasis is a multi-step process by which cancer cells spread from the primary tumor to colonize distant sites, and EMT has been shown to play important roles in these steps to promote metastasis.[@bib34] During EMT, epithelial cells lose their cell polarity and cell adhesion, and acquire an invasive mesenchymal phenotype. An increased expression of mesenchymal markers Vimentin and N-cadherin and a decreased expression of epithelial markers E-cadherin and ZO-1 are often observed during the EMT process.[@bib35] Here, we found that miR-543 reduced the expression of Vimentin and N-cadherin, and induced the expression of E-cadherin and ZO-1, whereas depletion of miR-543 yielded the opposite effects, suggesting that miR-543 is an EMT suppressor in breast cancer metastasis.

ZNF281, a transcription factor that contains four Krüppel-type zinc-finger domains, regulates the expression of several genes dependent on the cellular context by transcriptional activation and repression.[@bib21]^,^[@bib28] ZNF281 has been identified to be an oncogene and promotes cancer progression in pancreatic cancer and colon cancer by activation of Wnt/β-Catenin signaling and EMT-like phenotype.[@bib28]^,^[@bib29]^,^[@bib36] Moreover, ZNF281 inhibits neuronal differentiation and is a prognostic marker for neuroblastoma.[@bib23] Previous studies indicated that ZNF281 is regulated by miR-1 and miR-34a in muscle differentiation and colon cancer metastasis, respectively.[@bib28]^,^[@bib37] In the present study, we demonstrated that ZNF281 is a target of miR-543 and reverses the miR-543-induced inhibition of EMT and breast cancer metastasis. As a transcription factor, ZNF281 can regulate the expression of target genes by binding to GC-rich sequences in their promoter region. We found that similar GC-rich sequences are present on the promoter region of EMT-related factors ZEB1 and Snail. Moreover, ZN281 transactivates the ZEB1 and Snail expression, suggesting that ZNF281 is an EMT-promoting transcription factor in breast cancer metastasis.

Both ZEB1 and Snail are zinc-finger transcription factors involved in the regulation of cell differentiation fate and determination.[@bib32] The zinc-finger domain is highly conserved and allows DNA occupancy at the E-box in the promoter region to regulate the expression of target genes. Aberrant expression of ZEB1 and Snail has been observed in many human cancers, including breast cancer.[@bib38]^,^[@bib39] Here, we found that ZEB1 and Snail function as a transcriptional repressor, which depends on the E-box binding sites on the miR-543 promoter region. Increasing evidence supports an extensive cross-talk between miRNA and EMT-related transcription factors during breast cancer metastasis.[@bib40] Our results further extend this network by adding reciprocal connections between ZEB1, Snail, ZNF281, and miR-543.

TGF-β signaling, a critical player in embryonic development, is closely involved in the EMT and plays a key role in breast cancer metastasis. It is driven by a set of EMT-related transcription factors, including ZEB1 and Snail, which function as inducers of mesenchymal markers, such as Vimentin and N-cadherin, and repressors of E-cadherin and ZO-1. The TGF-β signaling pathway regulates these transcription factors, which confers TGF-β a potent inducer of EMT.[@bib41] In this study, we observed a decreased expression of miR-543 after treatment with TGF-β1. Overexpression of miR-543 reverses the TGF-β1-induced EMT-like phenotype and breast cancer metastasis, whereas ectopic expression of ZNF281 abolishes these effects, suggesting that the ZNF281-miR-543 feedback loop regulates breast cancer metastasis by regulation of TGF-β signaling.

Conclusions {#sec3.1}
-----------

In summary, we demonstrated that miR-543 is a tumor suppressor in breast cancer metastasis. miR-543 suppresses breast cancer metastasis and EMT-like phenotype by targeting ZNF281. ZNF281 functions as an inducer of EMT and transactivates the expression of ZEB1 and Snail. Furthermore, miR-543 is a transcriptional target of ZEB1 and Snail. Based on the findings from our observation, we propose a model that highlights the role of miR-543 in regulating TGF-β signaling during breast cancer metastasis ([Figure 7](#fig7){ref-type="fig"}F). The uncovering of this ZNF281-miR-543 feedback loop will extend our understanding of TGF-β network complexity.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

Normal breast epithelial cell line MCF10A, breast cancer cell lines BT549, MDA-MB-231, MDA-MB-468, T47D, and MCF7, and human embryonic kidney 293FT cell lines were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured as previously described.[@bib42]

Plasmids, siRNA, miRNA, and Antibodies {#sec4.2}
--------------------------------------

The antibodies, plasmids, miRNA, and small interfering RNA (siRNA) are described in the [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}.

Transfection and Generation of Stable miR-543-Overexpressed Cell Line {#sec4.3}
---------------------------------------------------------------------

For transient transfection, miRNA or plasmids were transfected into different cell lines using FuGENE HD Transfection Reagent (Promega, Madison, WI, USA) or TransFast Transfection Reagent (Promega) according to the manufacturer's recommendations. To generate stable miR-543-overexpressed cells, we used the lentiviruses (RiboBio, Shanghai, China) to infect MDA-MB-231 cells according to the manufacturer's recommendations.

Western Blotting and Immunofluorescence {#sec4.4}
---------------------------------------

Standard procedures for western blotting and immunofluorescence are described in the [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}.

RNA Extraction and qRT-PCR {#sec4.5}
--------------------------

Total RNA was extracted from cultured cells using a mirVana PARISTM Kit (Life Technologies) according to the manufacturer's instructions. TaqMan qRT-PCR was performed to detect the expression of mature miRNAs using a TaqMan miRNA Reverse Transcription Kit, has-RNU6B (U6, ABI Assay ID: 001093), and miR-190 (ABI Assay ID: 002376) according to the manufacturer's instructions (Life Technologies). qPCR was performed with GoTaq qPCR Master Mix (Promega). The cycle threshold (Ct) values of each gene were averaged from triplicate reactions. The gene expression was determined by 2^−ΔCt^ method. The primers of qPCR are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

Luciferase Reporter Assays {#sec4.6}
--------------------------

For the luciferase reporter assay, 293FT cells were seeded in a 12-well plate at 5 × 10^4^ cells per well and transfected with FuGENE HD Transfection Reagent (Promega) for 48 h with 200 ng of the indicated firefly luciferase reporter plasmid, 200 ng pcDNA3-ZNF281/ZEB/Snail, and 20 ng *Renilla* reporter as a normalization control. Firefly and Renilla luciferase activities were determined by a Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's recommendation.

Transwell {#sec4.7}
---------

Matrigel-coated Transwell was used to evaluate the invasion ability of breast cancer cells *in vitro*. A total of 5 × 10^4^ cells were seeded to the upper chamber, and medium containing 20% FBS was added into the lower chamber. Twenty-four hours later, the migrant cells that had attached to the lower surface were fixed with 20% methanol and stained for 20 min with crystal violet. The membranes were then carved and embedded under coverslips with the cells on the top. The number of migrating cells was counted under a microscope in five predetermined fields.

ChIP Analysis {#sec4.8}
-------------

ChIP analysis was performed according to the protocol of Upstate Biotechnology as previously described.[@bib42] To calculate the binding to the DNA region analyzed, we expressed the enrichment using the specific antibody compared with the isotype control as %input. The sequences of oligonucleotides used as ChIP primers are listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

Xenograft {#sec4.9}
---------

Female SCID mice (6--7 weeks old) were injected with the stable miR-543-overexpressed MDA-MB-231 cells or the control cells (2 × 10^6^ cells) at lateral tail vein intravenously. The formation of metastasis was observed and assessed by bioluminescence imaging using a Xenogen IVIS 200 Imaging System (Caliper Life Sciences, Hopkinton, MA, USA) at multiple time points (days 7, 14, 21, 28, and 35). All of the animal protocols were reviewed and approved by the Animal Ethics Committee of Tianjin Medical University Cancer Institute & Hospital and were performed according to the guidelines for the welfare and use of animals in cancer research and national law.

Statistical Analysis {#sec4.10}
--------------------

Data are presented as mean ± standard deviation. The Student's t test (two-tailed) was used to determine the differences between the experimental and control groups. The level of significance was set to p \< 0.05; asterisks generally indicate: ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001. All calculations were performed with the SPSS for Windows statistical software package (SPSS, Chicago, IL, USA).
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